DEVELOPMENT OF FUNCTIONALLY GRADED BIOMATERIAL WITH

TAILORABLE DEGRADATION RATE AND MECHANICAL

PROPERTIES

GAURAV TRIPATHI

DEPARTMENT OF MECHANICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2024



© Indian Institute of Technology Delhi (11'TD), New Delhi, 2024



DEVELOPMENT OF FUNCTIONALLY GRADED BIOMATERIAL WITH
TAILORABLE DEGRADATION RATE AND MECHANICAL

PROPERTIES

by
GAURAYV TRIPATHI
Department of Mechanical Engineering

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2024



DEDICATED TO

ALMIGHTY AND MY PARENTS



Certificate

This is to certify that the thesis entitled ‘Development of Functionally Graded
Biomaterial with Tailorable Degradation Rate and Mechanical Properties’ submitted
by Mr. Gaurav Tripathi to the Indian Institute of Technology Delhi, for the award of the
degree of Doctor of Philosophy is a record of the original bonafide research work carried
out by him under my guidance and supervision. The results contained in it have not been
submitted in part or full to any other institute or university for the award of any

degree/diploma.

£ fa b
bttt S
(Dr. Pulak Mohan Pandey)
IHFC Chair, Professor (HAG)
Department of Mechanical Engineering
Indian Institute of Technology Delhi

Date: 05-07-2024

Place: New Delhi



Acknowledgements

This thesis symbolizes an important milestone in the journey of my life. | express my deep
sense of gratitude and sincere thanks to my thesis supervisor Prof. Pulak M. Pandey. His
excellent guidance, constant encouragement and optimistic outlook have been a source of
motivation for me throughout this work. His knowledge of the subject and wealth of
experience steered me to complete the work. My last five years of interaction with him has
been a great learning experience. | am immensely benefited by his devotion for the research,
his ability to see things that are not obvious and their perseverance to pursue creative leads
in research. Besides being a source of immense knowledge and experience, Prof. Pulak M.
Pandey is very kind and caring with great compassion and love for the students. I will

forever cherish my close association with him.

The author gratefully acknowledges the financial support provided by Department of
Science and Technology-Science and Engineering Research Board (DST-SERB), New
Delhi, India (Grant reference no. EMR/2017/001550) for project titled “Design and
development of biodegradable metal implants for orthopaedic and cardiovascular

applications” for carrying out this work.

| express my deep sense of gratitude to Prof. Sudarshan Ghosh, Prof. N V Datla, Prof.
Deepak Kumar for being part of my student research committee and thankful for their
constructive criticism and valuable guidance during the course of presentations. | am
thankful to lab staff members Mr. Tulsiram, Mr. Ayodhya Prasad, Mr. Jitendra Prasad, Mr.
Ramchandar, Mr. Paras Gupta, Mr. Vipin Kakkar and Mr. Subash Chand for providing me

essential aids to complete experimentation work for the thesis.



I am also thankful to the office staff member Mr. Kishan Kumar for his support in the day
to day activities. I am thankful to my friends and research scholars at 1T Dehi Dr. Girish
Chandra Verma, Dr. Varun Sharma, Dr. Vishal Gupta, Dr. Dayanidhi K. Pathak, Dr.
Pawan Sharma, Dr. Gurminder Singh, Dr. Ravinder Pal Singh, Dr. Jasvinder Singh, Dr.
Ajit Kumar, Dr. Usha Rani, Dr. Dipesh Mishra, Dr. Rudranarayan Kandi, Dr. Mayank
Srivastava, Mr. Arun Kumar, Mr. Shitanshu Arya, Ms. Garima Dixit, Mr. Priyabrata Das,
Mr. Brijeshkumar Hashmukhbhai Patel, Mr. Snehal Arun Shende, Mr. Neetesh Kumar Sah,
Mr. Shubham Shankar Mohol and co-research scholars/ friends at IIT Delhi who were
always there to lend a helping hand when it mattered most and for the camaraderie that took

away all the pressures and made research work more enjoyable.

| am indebted to my parents, Sh. Om Prasad Tripathi and Smt. Namita Tripathi for their
blessings, motivation and constant support throughout this period. I am thankful to everyone
who helped me directly or indirectly to complete this work. I am also grateful to Almighty,

for having blessed me to rise and take up this challenge.

(Gaurav Tripathi)



Abstract

Biomaterials are frequently employed in modern medicine to treat and replace damaged or
degenerating tissues and organs. Biodegradable metal implants are gaining attention over
traditional bio-inert/bio-stable implants owing to the fact that most of the clinical problems
need only short-term support while healing. These implants degrade by releasing metallic
components that the body metabolizes and are finally replaced by bone tissue. Metals like
iron (Fe), zinc (Zn) and magnesium (Mg) are gaining the attention of researchers in the field
of biomedical implants owing to their good mechanical and biodegradable properties.
However, there are various problems associated with each of these materials like very fast
or very slow degradation rate, stress shielding, poor mechanical properties etc. Rapid
corrosion of Mg in the physiological surroundings due to hydrogen release leads to
corrosion and mechanical integrity issues. Fe has good mechanical properties, but its
high elastic modulus and slow rate of degradation limit its use in the biomedical field. Zn
has ideal degradation rate but its inferior mechanical properties inhibit the application of

zinc as biomaterial.

Also, bioceramics like hydroxyapatite (HAp) can be added in low concentrations to
facilitate bone ingrowth and ensure an effective bond between bone and implant material.
The implant surface must possess bioactive properties that encourage the growth of bone
cells and the formation of biological apatite, hence enhancing osteoconductivity. All these
problems could be resolved by fabricating composite and functional biomaterials,
combining the advantages of two or more materials into a single biomaterial. Moreover,
tailorable degradation rate and mechanical properties could be achieved by fabrication of a
topologically ordered functionally graded composite (TOFGC) biomaterial. The literature

survey indicates about the limited reported work in the direction of fabrication and



characterization Fe and Zn based TOFGC biomaterial by making use of additive

manufacturing and pressureless microwave sintering.

To address this research gap, a novel methodology has been developed for the fabrication
of Fe-Hap-Zn TOFGC biomaterial utilizing the additive manufacturing, pressureless
microwave sintering, and casting processes. Carbonyl iron particles (CIPs), HAp powder
and high purity Zn ingots were used in sample fabrication. The mould preparation for the
fabrication of Fe-HAp was done with the help of a phosphate-based investment material.
Response surface methodology (RSM) was used for planning of experimentation to
determine the effect of sintering temperature, soaking time, HAp percentage and heating
rate on responses namely shrinkage, sintered density and compressive yield strength (CYS).
Genetic Algorithm (GA) based multi-objective optimization was performed to obtain the
optimum process parameters. The optimized parameters were found as: sintering
temperature = 836 °C, soaking time = 45 min, HAp (wt %) = 3.5% and heating rate = 13
°C/min, which resulted in 6.92% shrinkage, 5.98 g/cm? sintered density and 164.88 MPa of
CYS. The Scanning electron microscopy (SEM) of the fabricated Fe-HAp samples
demonstrated successful bonding of CIPs without the need of any compaction pressure. X-
ray diffraction (XRD) plots and energy dispersive spectroscopy (EDS) analysis confirmed
the presence of HAp embedded in the Fe matrix without any contamination from the mould

material.

It can be inferred from the literature that TOFGC biomaterials have the potential to
overcome the problems faced by conventional biomaterials. Hence for the case study four
Fe-HAp-Zn TOFGC biomaterials with different types of Zn infiltrations were fabricated
using the developed methodology. The apparent density, porosity, CYS and modulus of
elasticity were found to be varying in a wide range of 1.95-5.36 g/cm?®, 28.37-73.99 %,

17.62-102.32 MPa and 186.12-2452.20 MPa respectively. Moreover, the degradation

\



behaviour of samples was examined in simulated body fluid (SBF) solution at 37 °C and
corrosion rate of four samples was found to vary in range of 1.68-4.33 mmpy. These
properties were found comparable to that of bone and can be altered to mimic the cancellous

as well as cortical bone.

Furthermore, in the present work, studies were performed for degradation behaviour, in vitro
cytocompatibility and hemocompatibility of the fabricated TOFGC samples. The
degradation behaviour of the samples was analyzed using immersion tests in SBF, and
potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS)
measurements. On the basis of immersion test and electrochemical tests, it was deduced that
rate of degradation increased on inclusion of HAp in the pure Fe matrix, which was
attributed to formation of micro galvanic cell in the Fe-HAp biomaterial. The infiltration of
Zn into the Fe-HAp matrix led to a substantial increase in the rate of degradation. The reason
was attributed to the formation of a galvanic cell, in which Fe-HAp acted as the cathode and
Zn acted as the anode. With an increase in Zn wt.%, the corrosion potential was found to
shift towards more negative side and corrosion current density was found to increase,
thereby indicating reduced corrosion resistance. The pure Fe dense sample showed
minimum weight loss and corrosion rate, whereas Fe-3.5HAp-54Zn depicted maximum
weight loss and corrosion rate in immersion and electrochemical testing respectively. The
maximum weight loss and corrosion rate for Fe-3.5HAp-54Zn was found to be 6.98 % and
2.38 mmpy respectively. All samples were found to have good cytocompatibility. Fe-HAp-
Zn biomaterial showed maximum cell viability, which was attributed to the fact that Zn is
more biocompatible than Fe. All samples showed hemolysis ratio within the prescribed limit
(less than 5%). Furthermore, Fe-HAp-Zn showed minimum platelet adhesion, depicted

excellent antithrombotic property.

Vi



Dimensional analysis utilizing Buckingham’s n theorem was performed to derive the
models for prediction of weight loss in immersion test and corrosion rate in electrochemical
test. The values predicted by the proposed models exhibited a strong concurrence with the
experimental results. The maximum error in prediction of weight loss and corrosion was
found to be 5.81% and 3.91% respectively. In the comparative study TOFGC Fe-HAp-Zn
biomaterial demonstrated enhanced degradation characteristics as well as excellent
cytocompatibility and hemocompatibility in comparison to current metallic biodegradable
materials. It was established that the developed Fe-HAp-Zn biomaterial has the potential to
be a biodegradable material for orthopaedic applications because of its improved corrosion
rate, reduced hemolysis ratio, and outstanding antithrombotic property. Also, the
mechanical and degradation properties of the developed biomaterial could be tailored to

match the suitable application.
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R

&R U1 ERTE 81 R Hedab! SR 3T & IUAR SR Ui & forw snyfies fafesen
T SRR IRHCRAA HT SUAN fohar oTaT & | SRifedsad U ARG 39 a3 &
HRUI GRURSD la-3Hfha/oid-fRR TR0 R & SHTHNd a1 @ © [P DR
eI FHRIST B 3P PR THY Had HBIcID TR DI SaIHdl gl g1 T
UIRITUT 4Tq Uedh! o1 famem e faafed g1 9id € e IR Tamg=y & § 3R
3{dd: B8 b SHAD! gRT WA faram ST § 1 3TARA (Fe), i (zn) 3TR AR
(Mg) SIt eTq¥ 3o ey T SR IS U & HRU SARSEHe TR
& &1 T XNeyhdiefl BT e BN BRI 5 | TTalich, 370 9 TS Il A ot faftra
AWM & S8 §gd o a1 9gd D faged <R, 19 aRRewr, TRIe T o7 o |
gIEgIo Reel & BRI ARG TRAY H Mg &7 ol I &R01 TefRor 3R TifAd THvar
& HEl DI THGAT | Fe T 3 TifAeh 101 6, i1 ST I agR A1l 3R fure
@1 it ax Fa fafere 87 & 3U% IUNT &1 Tfid el 81 zn & aneef eror R gt
2 QA 39 Y Tifes o1 s Rad & &0 H e & TN &1 Adhd & |

b 3fdTaT, gigdl & ATy Pl faureHe oM SR 81 R YARIIU I & st
TS YT §eF AT a3 & e g siRiteRe (HAp) S SRIRRIAET & &H AET
¥ e ST Uedl 81 R P Ude § Srifded 0T g1F T1feT S 851 B DIRIHTSi
& fa 3R Wifdew Tlerse & Fufo &1 Uidnfed #ra 8, ool sifedidbsfaciad
dedt g1 37 It grasit & ff¥a SR srafere smeRad s, Sl arar 4 sifde
TR & BIG! B U gl aramcRad | fiere) g fbar o Javdl 31 $Hdb Sfad],
gdIed iss 3R HAfEd U ¥ Fiffed HHIvE (TOFGC) SRMRTd &
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fmior gRT 3T &RUT &R 3R Tif3es Uil B U fbaT ST WebdT 31 TR qdeur
Tfsfea A-gthaafia ofR URREY ATgehiaa Rich &1 IUNT a5 Fe 3R zn Semia
TOFGC SR & fmfor 3R TRt ot faxm # Wit Raid fog T e & TR
EEURERGI

U Y 3R I YaIfYd H=A & forg, ufsfea BglhaaiiaT, URRey Arshidd Rief ok
HIRET Ufgranafl &1 IUURT H&b Fe-Hap-Zn TOFGC SRHRTS & Aol & fow wes
T3 Ugfa fasid o 712 81 T A § el $RT uksy (CIP), HAp TT38R
3R I Yl arat zn Rafeerat o1 ITanT f5an T o7 | Fe-HAp HHIE & AT &
fog Hics &1 fAufur hiehe-aeia savcHc Urds &1 Heg ¥ fohar mar o1 Reig
TG AYSIArS (RSM) BT ST R arodm, T g, HAp Ufa=ia siR gifem
R & THT B T U T, Riex T@ 3R HHifRa dfiee ¥Y (CYS) W
e = & feTg T ot Ao o forg foba | fieiTE s Ufsha URTHICR UTed
B & o SAfes Telied (GA) st At sifsalfdea SiifPrTgIR o1 U fasa
T YT SIS TS TRTHICR 39 YR UT U RicR daiuH = 836 °c, Wi <rsd =
45 e, HAP (wt %) = 3.5% 3fR BIfeT &R = 13 °c/fFre, forad IRUMIRa®Y 6.92%
Tepe, 5.98 glem? Rick T 3R 164.88 MPa CYS &1 9eg UTS TS | FfEfd Fe-HAp
TAT B BT ZAae T HISHRGIUT (SEM) A forddt +ff Tome gard & sawadal &
ST CIP ) Iwd sifeT uehRia o1 | Te-X f$ihar (XRD) @ile 3R Tolf fegufia
Wl (EDS) fa=awor 3 dics areht § fordt ot Tgwur & fom Fe Afca & Tass
HAp &1 SUlRfd &t g ol |




Tt ¥ U8 UM TR O ¥dhdl § [ TOGGC ™I # URUR®
IR RO & WA 3 aTel THRIST B g B i & 5| ST HY Kol b
fore faen Rid ugfa &1 STt b fafid YR & zn Sfhec® & A1 IR Fe-HAp-Zn
TOFGC STAHCRad 1 il fasam 7T | g9, URIRIET, CY'S SR A &1 H1didh ShsT:
1.95-5.36 g/cm®, 28.37-73.99%, 17.62-102.32 MPa 3R 186.12-2452.20 MPa &1 fa¥qd 3o
o Ur T gD AT, A &b &RUT HAgR B oid Rgacs el Wigs (SBF)
IR T 37 °C R BT T8 3R IR THA! B! TR &R 1.68-4.33 mmpy B! ST F UTS
T$ | Y T[0T 8T b O UTE T 3R 3% HUaY 3R Bifchal gl Bl Tebal B b 17T

S S gl gl

Tgd adl, gauH & # fAffd Toree T 39 fagl A rafefafd,
P ICT 3R eRU agR & T Sieqg fhy U | A & &R TIGR HI
fIzamOT SBF # SHRA ULiefur, Uil RIISHAIS TIeRZeIH (PP) 3R Saac i dhiihd
NS WaRGIYT (E1S) BT IUUNT B a1 17| 3H G801 3R SAde b Hhd
TEOT & STYR WR, T Fsh fHera a1 f Yk Fe AT H HAp BT AT IR |
&RUT 1 X 1 g g8, oI e Fe-HAp SAHCRTd & AIEeh! e 4 & 76 &1
fOTeR S8/ T | Fe-HAp AfReT H zn ey T &R &1 R & &1 3 83
BT HRUT Tede T BT FAafor sarr mar, SH Fe-HAp A HUS & Tu A &1 fhar
3R zn A T8 & ¥U & &1 fHanl zn wi.o & g & 1Y, HRINH arelRid st
THRIAD Y&l DI 3R RIFIART gial Ui 7 3R FRIel Hee sl # gig TS s,
T FemRor uferty # et &1 obd el 81 G Fe T8 A A YAdH d¢ @i 3R
T&RUT TR P ST, &b Fe-3.5HAp-54Zn = AR 3R FoiaeIbiiihd Uleor &
HH: TYHTH 9 AN 3R &R0 &R P G| Fe-3.5HAp-542n & forg ifiiewdd de
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g 3R HefRUI ax HHRT: 6.98% SR 2.38 mmpy Us Tl Juff T T St
TSI Ifiafere! Urs 75| Fe-HAp-zn SRIMCHRET 7 3ifiiwad I faufaferdt feas,
o 99 9 a2 & faan a1 % zn, Fe &1 Jam H 31fid SR Ufead g | Tt T
o IR srgaTd FRuiRa T (5% I &) & HioR grm 11§ 3{Tal, Fe-HAp-
Zn = FATH Wede RS fexama, S Sap b Tehnaifess 107 &) quid 8|

SR TRIEU T 9 AN 3R Faac o Hdbd URIE0 § R0 &) & Higsgaroft & forg
O18d U R o ot dfdhad n ARY &1 STANT $HRd U [SA=Ma TR fovan
47| URATfad ATSdl gRT SHIAGT deg 3 YA URUIHT & 1Y T Aolgd JeHfd
TR B d¢ a1 3R F&RUl &R &1 Uiaw@mnht § sfiemad I HARE: 5.81% 3R

3.91% U% T8 | qaId® &I T TOFGC Fe-HAp-Zn SRIACRIA = TaHM T
IAIfSUead IRl & ga H d¢l g5 J&RU faRiarsfl & u-ary Shy
b rafefaferdt ok Yiierfefaferdt o1 uexl fram g wafta forar mar fob
fIHRIT Fe-HAp-Zn IRITHCRIA H SR TR &3, HH gHIIRNT U 3R I&HT
wehiiEifes quft & HRUr snuftfss ruar & fow smfsdsaa wnelt 89 &t
&I 81 39 Tl fawmRId S Ryd & TifAds 3R &R0 0N &1 ST SII0aRT
YA WM & T R foban & debell g |
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